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Abstract. The existence of a dam has potential effects on the surrounding wind environment especially when it is located in
mountainous areas. In this situation, the long-span bridge over the reservoir can easily be exposed to non-uniform incoming
flows, affecting its wind-resistance performance. This paper presents a study on the aerostatic stability of such a bridge. Wind
tunnel tests were first carried out to investigate the wind environment above a mountainous reservoir. The results show that the
angle of attack and the wind speed along the bridge axis show obvious non-uniform characteristics, which is related to the
inflow direction. When winds come from the south where the river is winding, the angle of attack varies along the span direction
significantly. The finite element model for the bridge was established using ANSYS software, and effects of non-uniform wind
loads on the aerostatic stability were computed. Non-uniform angle of attack and wind speed are unfavorable to the aerostatic
stability of the bridge, especially the former. When the combined action of non-uniform angle of attack and wind speed is
considered, the critical wind speed of aerostatic instability is further reduced. Moreover, the aerostatic stability of the bridge is

649

closely related to the dam height.
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1. Introduction

Wind environment is closely related to the aerostatic and
the aerodynamic performance of long-span bridges. The
existence of mountains has potential effects on the
surrounding wind environment, which has attracted great
attention. Earlier studies mainly focused on one or two
simplified hills or ridges, including theoretical studies (Hunt
et al. 1988, Mason and Sykes 1979), field measurement
(Mason and King 1985, Mitsuta et al. 1983), wind tunnel
tests (Cao and Tamura 2006, Ferreira et al. 1991), and
numerical simulations (Cao et al. 2012, Kim et al. 1997),
and have greatly improved our understanding of the change
in wind environment.

Recently, natural and complex terrains are taken into
account. Even in coastal areas, the existence of hills has
obvious effects on the wind environment (Bilal et al. 2016,
Blocken et al. 2015, Hui et al. 2009). In complex
mountainous areas, however, strong winds along rivers are
easier to block and deflect by mountains. Wind parameters
like the velocity, the angle of attack, and the yaw angle
show more complex spatial distributions, that is, the non-
uniform characteristics. Li et al. (2017) investigated the
wind characteristics around the Dadu River Bridge by both
wind tunnel tests and numerical simulations, and concluded
that the distributions of the wind speed and the angle of
attack along the bridge axis are largely affected by the local
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terrains. Li et al. (2017) also investigated the wind
characteristics along the girder of the Longjiang Bridge
spanning a deep-cutting canyon by wind tunnel tests, and
showed that the transverse wind speeds perpendicular to the
bridge axis show a negative correlation with the angle of
attack. Lystad et al (2018) investigated the wind
characteristics along the girder of the Hardanger Bridge by
field measurement spanning a fjord surrounded by high and
steep mountains, and the mean wind velocity and along-
wind turbulence intensity displayed non-uniform
characteristics along the girder. Ren ef al. (2018)
established a prediction model based on the correlation of
simulation results and illustrated that the model has the
ability of predicting the time series of the wind velocity of
the spatial wind field under complex terrain. Guignard ef al.
(2019) investigated the variations of the daily means of
wind velocity measured by 293 stations in mountainous
areas.

In the non-uniform incoming flow, the aerostatic and the
aerodynamic performance of long-span bridges may change
due to the variation of wind speed and angle of attack along
the span. (e.g. Hu ef al. 2019, Tang et al. 2018). Generally,
the aerodynamic stability is governing for the design. Since
the collapse of the original Tacoma Narrows Bridge, the
flutter stability of bridges has attracted great attention. With
the increase in bridge span, however, the aerostatic problem
also becomes prominent. The critical wind speed of the
aerostatic instability is shown to be further reduced when
accounting for the varying wind conditions along the bridge
span and the material nonlinearities (Boonyapinyo et al.
2006). More importantly, the aerostatic response of long-
span bridges is obvious, so the relative angle of attack
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between the bridge and the incoming flow changes, which
affects the flutter stability of these bridges. Although the
flutter stability may be the governing phenomenon for long-
span bridges, it is necessary to understand the aerostatic
stability with non-uniform wind environment.

The aerostatic instability of bridges refers to the bending
and torsion of the main girder under the given wind speed,
which will not only change the structural stiffness and wind
loads, but also increase the deformation of the stiffening
girder, and eventually lead to the aerostatic instability of the
stiffening girder. Cheng et al. (2002, 2003) put forward an
incremental double iteration method to calculate the critical
wind speed of aerostatic instability, which is used widely.
Xiao and Cheng (2004) used the non-linear method to
analyze the aerostatic stability of Humen Bridge, and
explained the aerostatic failure mechanism of suspension
bridges by tracing aerostatic instability path. Zhang et al.
(2013) investigated the mechanism of torsional stiffness
degeneration of the cable system and aerostatic torsional
divergence of long-span suspension bridges based on a
generalized model. Zhang (2007) studied the aerostatic
stability of the Runyang Yangtze River Bridge. The results
showed that the non-uniform distribution of wind speed
along the vertical direction has some influence on the lateral
displacement and torsion angle of the bridge, which should
be considered in the aerostatic instability analysis. Xu et al.
(2016) studied the acrostatic stability of the Hutong Bridge,
taking into account the variation of wind speed along the
altitude, but did not consider the variation of wind speed
along the span. Zhang et al. (2013b) studied the effects of
wind speed spatial non-uniformity on the aerostatic stability
of the Maanshan Bridge, and the results showed that the
spatial non-uniformity of wind speed has considerable
effects on the aerostatic stability of suspension bridges with
multiple main spans. However, none of the above studies
considers the spatial inhomogeneity of wind speed and
angle of attack at the same time. On the other hand, the
flutter performance of the structure will also be affected.
This is because the position without aerostatic displacement
is usually chosen as the equilibrium position of flutter
analysis, while the inhomogeneous aerostatic displacement
will impose different additional angles of attack along the
bridge span, thus changing the flutter performance. Tang et
al. (2018) investigated the effects of wind velocity
distribution, angle of attack, and wind direction on flutter
performance of a long-span suspension bridge under non-
uniform incoming inflows by the finite element software
ANSYS. It is found that the flutter stability of the bridge
decreases as the increase in non-uniformity of inflow.

When a long-span bridge crosses the dam and reservoir
area, it will be exposed to a complex wind environment.
Dams are the water retaining structure that restricts the river
and raises the water level. Reservoirs created by dams can
regulate the water volume and be beneficial to human
activities like irrigation, power generation, aquaculture, and
flood control. In Southwest China, many dams have been
built along narrow rivers for producing electric power
owing to the large drop in altitude. These dams are
generally located between two huge mountains and have
great heights, and the risen water level leads to wide

reservoirs. As a result, long-span suspension bridges are
frequently considered when crossing such places. For
instance, the Dadu River Bridge with a main span of 1100
m is located at the upstream side of a dam with a distance of
about 2.7 km (Li et al. 2017), and the Jinsha River Bridge
with a main span of 766 m is located at the upstream side of
a proposed dam with a distance of 1.9 km (Wang et al.
2017). Apparently, the existence of a tall dam changes the
local wind environment (Jing et al. 2019), and further
affects the aerostatic and the aerodynamic performance of
the nearby long-span bridge.

Motivated by the remaining problems discussed above,
this paper presents a study on aerostatic stability of a long-
span suspension bridge with non-uniform wind environment
in mountainous area. The content is organized into three
more sections: firstly, in Section 2, a long-span suspension
bridge located in mountainous terrains was selected as the
research object, and the effects of a dam on non-uniform
characteristics of inflow are studied by wind tunnel tests.
Then Section 3 is devoted to investigation of the aerostatic
stability of the bridge with non-uniform inflow by a
nonlinear method using the ANSYS Parametric Design
Language (APDL) technology, considering the non-uniform
angle of attack and non-uniform wind speed. Finally, in
Section 4 conclusions are outlined, which can provide some
reference for wind-resistant stability of bridges near dams in
mountainous terrains.

2. Non-uniform wind characteristics
2.1 Engineering background

The target bridge is a suspension bridge with a main
span of 1386 m, and a steel truss stiffening girder is adopted
due to the limitation of construction and transportation. The
bridge is located in Southwest China and surrounded by
huge mountains of which some altitudes exceed 3,011 m, as
shown in Fig. 1. The heights of the bridge towers at the
west and the east sides are 200.5 m and 230.5 m,
respectively. The bridge spans a deep-cutting gorge, and the
distance from the bridge deck to the water surface is about
335 m, as shown in Fig. 2. The upstream valley of the dam
is straight, basically north-south, while the downstream
valley of the dam is winding. Besides the complex natural
environment, it is worth noting that there is a dam with a
distance of 1,000 m downstream from the bridge site. The
construction of the dam makes the upstream water level of
the dam site rise significantly, which may provide some
shelter for incoming flows from the south and create some
local turbulence.

In summary, the bridge is so long that the flexible
structure is sensitive to the wind loads, and its wind-
resistant performance becomes a key factor in the design.
On the other hand, the wind environment around the bridge
site is largely determined by the complex terrains and the
dam, which is different from the situation of cross-sea
bridges. Therefore, it is necessary to investigate the non-
uniform wind environment and the effect on the wind-
resistant performance of the bridge.
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Fig. 1 The bridge site in mountainous canyon areas (topography excerpted from Google Earth)
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Fig. 2 General arrangement of the suspension bridge

2.2 Terrain model

In order to determine the non-uniform wind
characteristics around the bridge site, experimental tests
were carried out in XNJD-3 wind tunnel at Southwest
Jiaotong University. The dimension of the test section is 4.5
m x 22.5 m x 36.0 m (height x width x length). Considering
the size of the wind tunnel and the topographic fluctuation
of the real bridge site area, the range covered by the terrain
model should be increased as much as possible. Taking the
bridge site as the center, the terrain model was made into a
circular area with a diameter of 18 km and a scale ratio of
1/2000, as shown in Fig. 3. The model was cut and
superimposed by KT boards layer by layer based on the
topographic contour, and the height of each board was 5
mm near the bridge site while 10 mm far from it. In order to
consider the variation of wind characteristics at the bridge
site with the direction of inflow, several pulleys were pre-
installed under the model, which can rotate around the
center of the model under the action of external forces.

The model edge had a variable height from the tunnel
ground determined by the limited size of the terrain model,
leading to flow separation around it. It is a common
question in the study of wind characteristics in mountainous
areas through terrain model test or numerical simulation. In
order to transfer the inflow to the model area smoothly, 48
transition sections with varying heights were set at the
boundary of the terrain model with reference to the research
by Hu et al. (2015), as shown in Fig. 3. The adopted curved
transition section had a better flow transition performance

and made the flow in the tests approach the conditions in
full-scale as much as possible. Three cobra probes were
employed to measure three-dimensional wind speeds, i.e.,
the transverse, the bridge-axial, and the vertical wind
speeds, which are represented by uw, v, and w,
respectively. The precision of wind speed is usually +0.5
m/s, which is very suitable for the measurement of turbulent
flow and unknown wind direction. The angle of attack is
defined as « = tan~!(w/|u|), where a positive value
means that the incoming flow is upward. By adding spires
and roughness blocks on the upstream side of the terrain
model, the atmospheric boundary layer in the tests was
simulated according to type IV representing very rough
terrains in the Chinese code (Ministry of Transport of the
People’s Republic of China, 2018).

In the wind tunnel tests, different directions of incoming
flow were achieved by rotating the terrain model, and six
cases were set according to the mountains around the bridge
site, as shown in Fig. 4(a). More concretely, the wind
directions of cases N1 and S3 were parallel to the river on
the upstream side and the downstream side of the bridge,
respectively. Case S1 was perpendicular to the southeast
ridge of the bridge. Cases N2 and S2 were perpendicular to
the bridge axis. Along the bridge axis, nine measurement
points at intervals of an eighth of the main span were set.
These points were numbered from 1 to 9 where No. 1
presents the position of the tower on the west side; No. 5 is
the center of the span; and No. 9 presents the position of the
tower on the east side, as shown in Fig. 4(b).
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Fig. 4 Experimental cases

2.3 Effects of the mountains on the wind environment

Fig. 5(a) shows the variations of the angle of attack
along the span direction under different wind directions. In
general, the absolute value of the angle of attack with south
winds is obviously larger than that with north winds. Under
north winds, i.e., cases N1, N2, and N3, the variations along
the span direction are relatively small and less affected by
the wind direction. The probable reason is that the river
valley on the upstream side of the bridge is relatively
straight. North winds merge into the river and then flow
along it, so their non-uniform characteristics are weakened
and the absolute values of angle of attack are relatively
small. Under south winds, i.e., cases S1, S2, and S3, the
angle of attack varies along the span direction significantly
and the variation is closely related to the wind direction,
which may be caused by the mountain located at the south
of the bridge. South winds flow over the mountain and then
flow downward to the bridge, making the approaching flow
to the bridge show negative angles of attack with larger
absolute values.

An anemometer is installed at a distance of 2.73 m from
the tunnel ground, corresponding to 6,760 m in the real
situation. The measured wind speed is defined as the
gradient wind speed Ug;, which is little affected by the
terrain model. The gradient wind speed ratio is defined as

the ratio of the wind speed U = vu? + v? at a certain
measurement point to U;. The variations of the gradient
wind speed ratio under different wind directions are shown
in Fig. 5(b). It can be observed that the distribution of the
gradient wind speed ratio along the span direction is non-
uniform. The wind speeds at the two sides of the bridge are
lower due to the shelter of the ridges, especially for the west
side where the gradient wind speed ratio is lower than 0.4
for all the six cases. The wind speed in the middle part
becomes larger, but it is still less than the gradient wind
speed. The distribution of the gradient wind speed ratio is
affected by the wind direction, and it show more obvious
non-uniform characteristics when the wind direction is
perpendicular to the bridge axis, i.e., cases S2 and N2. For
case S3, the distribution becomes inhomogeneous that the
gradient wind speed ratio suddenly decreases at
measurement points 3-5, which may be caused by the large-
angle bending of the downstream channel of the dam.

Fig. 6 shows the variations of angle of attack and
gradient wind speed ratio along the vertical direction. When
winds come from the north where the river is relatively
straight, the absolute value of the mean angle of attack is
small, and increases with the increase in the altitude. When
winds come from the south covered by mountains, the
incoming flow will cross them and generate a downward
subduction trend. Therefore, the absolute values of mean
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Fig. 5 Angles of attack and gradient wind speed ratios along
the span direction

angle of attack at the bridge deck elevation are larger, and
increase first and then decrease with the increase in the
altitude (see Fig. 6(a)). Because of the mountain shelter and
the frictional action of the slopes surface on both sides of
the canyon, the transverse wind speed at the bridge deck
elevation is disordered under all wind directions, and the
shape of the wind profile at low altitude is not uniform as
that at high altitude. When the incoming flow is along the
upstream of the river (case N1) or perpendicular to the
bridge axis (case N2), the transverse wind speed profile at
the bridge site is closer to the traditional exponential law or
logarithmic probability profile because the blockage effect
for incoming flow of the mountain is relatively small.
Under case N3, the increase in transverse wind speed at
high altitude is not obvious due to the high mountain shelter
in the east and west direction. Under case S2, the transverse
wind speed at the bridge deck elevation is the largest. In this
situation, the wind profile is inconsistent with the
conventional wind profile, showing a S-shape, which is
mainly caused by the severe shelter of the southern
mountains and the ridges beside the downstream rivers.

2.4 Effects of the dam on the wind environment

In order to understand how the dam affects the wind
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Fig. 6 Angles of attack and gradient wind speed ratios along
the vertical direction

environment around the bridge site, another two cases were
added. The previous case in which the upstream water level
behind the dam is 1,420 m was marked by low dam.
Increasing the upstream water level, i.e., the height of the
dam, to 1,650 m, the case was marked by high dam.
Removing the dam, the upstream water level decreased to
1,300 m which is equal to the downstream water level, the
case was marked by no dam. Two representative wind
directions, i.e. N2 and S2, which are perpendicular to the
bridge axis, were taken as the examples.

Fig. 7 shows the effects of the dam height on the angle
of attack and the gradient wind speed ratio where the dot
lines represent the mean value of the nine measurement
points along the span direction. Under the north wind, i.e.
N2, the variations of the angle of attack along the span
direction are relatively uniform regardless of the dam height.
The absolute value of the mean angle of attack increases
with the increase in dam height and so does the mean
gradient wind speed. Under the south wind, i.e. S2, the non-
uniform characteristics of the incoming flow becomes more
significant. The angle of attack is greatly affected by the
dam height, and the absolute value of mean angle of attack
is obviously larger than that with the north wind. Under the
high dam, the absolute value of angle of attack is the
smallest, probably because the inflow is blocked when
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Fig. 7 Angles of attack and gradient wind speed ratios along the span direction for different dam heights

passing through the high dam, which climbs upward and
weakens the negative angle of attack.

3. Aerostatic stability of the bridge with non-uniform
wind environment

3.1 Aerostatic coefficients

The girder is subjected to the drag, the lift, and the
pitching moment which are noted by Fp(a), F.(a),
and Fj(a), respectively. The positive directions of the
three forces are shown in Fig. 8(a). The aerostatic
coefficients in the wind coordinate system are defined as

Fp(a) = %pUZCD(a)HL (1)
1

F(a) = > pU%C,(a)BL (2)

Mp(a) = %pUZCM(a)BZL (3)

where p is the air density; B and H are the width and the
height of the girder, i.e. 27.5 m and 12.2 m, respectively; L
is the model length, i.e. 2.095 m; Cp(a), C.(a)

and Cy(a) are the drag, the lift, and the moment
coefficients, respectively; U is the wind velocity of the
approaching flow. In the following study, the wind
velocities are related to the transverse component u only.

The aerostatic coefficients were obtained by sectional
model tests in XNJD-1 wind tunnel at Southwest Jiaotong
University, and the experimental results are shown in Fig.
8(b).

The tested angle ranged from -12° to 12° with an
interval of 1°. The experimental results were fitted by
polynomials for the convenience of the interpolation in the
following aerostatic analysis. Considering that the target
suspension bridge may be attacked by larger angles under
south winds, as discussed in section 2.4, the experimental
results were extended to a broader range of angles of attack,
up to +18° in magnitude. Fifth-order polynomials were
adopted within the range from -12° to 12° to achieve higher
fitting precision, while third-order polynomials were
adopted for the extrapolated functions to get reasonable
trends. The extrapolated functions are used in the parts of
sensitivity analysis performed in section 3.3.

3.2 Numerical analysis method

Most of the current methods for calculating aerostatic
stability are only applicable to uniform inflow, while the
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method adopted in this paper considers the non-uniform
distribution of angle of attack and wind speed along the
bridge span direction. At the same time, the non-uniform
distribution of wind speed along the vertical direction is
also considered. Firstly, the non-uniform distributions of
wind speed and angle of attack have been obtained by the

terrain model tests. Then, the aerostatic coefficients of the
bridge girder have been obtained by the sectional model
tests. Considering that the yaw angle has less effect on the
critical wind speed of the aerostatic instability of long-span
bridges (Zhang et al. 2013a), the variation of the yaw angle
is not considered in this paper. It should be noted that the
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Fig. 10 Aerostatic responses of the bridge under uniform incoming flow

wind speed adopted in the calculation is only the resultant
wind speed of the transverse component and the vertical
component, and its direction is perpendicular to the bridge
span. Finally, a cyclic iteration method combining internal
and external increments is used to solve the finite element
equilibrium equation. Specifically, at a given wind speed,
the aerostatic forces applied to the structure are updated by
calculating the structural displacement by each iteration,
and then the structural displacement is recalculated by the
updated aerostatic forces. The convergence of the
calculation is judged by the Euclidean norms of the static
coefficients under the given wind speed. When the
Euclidean norm is small enough, it indicates that the
difference of structural displacement calculated by two
adjacent iterations is small enough, and the final
equilibrium position of the structure has been found. The
expression is defined as

{ ?I=1[Ck(ai) - Ck(ai—l)]z} <e
YV [Ci(ai-p)]? -

where N is the total number of nodes that need to apply

“4)

wind loads, C, are the static coefficients, g, is the
allowable tolerance, 10 is taken in this paper.

The nonlinear calculation program can be realized by
APDL technology and the detailed calculation steps are
shown in Fig. 9. From the flow chart, it can be found that
the initial angle of attack and initial wind speed of each
node along the bridge span direction are different, which is
different from the traditional aerostatic instability
calculation method, and can more truly simulate the wind
environment of bridge sites in mountainous terrains.

Taking the uniform inflow with 0° angle of attack as an
example, the aerostatic responses of the bridge with
different wind speeds are calculated. Similar to the
directions of the aerostatic coefficients, the positive
displacements in the transverse, the vertical, and the
torsional directions are downwind, upward, and nose-up,
respectively. During a total of 30 iterations, the variations
of the torsional and vertical displacements along the bridge
span are shown in Fig. 10. With the iterations, the aerostatic
response of the bridge tends to a stable state when the wind
speed is lower than 143 m/s. In this situation, the above
convergent condition is satisfied, and the aerostatic
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Fig. 11 Aerostatic responses at the midspan point under different ¢

response of the bridge is stable. When the wind speed is
equal to or larger than 143 m/s, however, the aerostatic
response of the bridge becomes unstable, for the torsional
displacements and the vertical displacements at the east side
increase divergently with the iterations. Therefore, the wind
speed of 143 m/s is selected as the critical value
corresponding to the aerostatic instability of the bridge.

3.3 Effects of non-uniform wind environment on the
aerostatic stability

In this section, the aerostatic stability of the suspension
bridge with uniform and non-uniform wind environment is
studied. Two wind directions, i.e., N2 and S2, are taken into
account. The non-uniform wind parameters along the bridge
axis refer to the results in Section 2. The computed wind
speeds are related to the transverse components. The angles

of attack of the incoming flow at some measurement points
under the south wind S2 have exceeded the experimental
range from -12° to 12°. Moreover, the initial angle caused
by the incoming flow will be further increased during the
aerostatic analysis. The torsional displacement of the bridge
increases with the increase in computed wind speed, leading
to larger relative angles between the bridge girder and the
incoming flow. In order to avoid using the force coefficients
not covered experimentally, the non-uniform angles
obtained in Section 2 are systematically multiplied by a
reduction factor ¢.

Firstly, the sensitivity analysis of non-uniform angles of
attack is carried out, and different reduction factors ranging
from 0.1 to 1.0 are considered. Here, the wind speed is
uniform along the bridge span. When the angle of attack
exceeds the experimental range, the extrapolated aerostatic
coefficients will be applied. Fig. 11 illustrates the aerostatic
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Fig. 12 Aerostatic responses at the midspan point under uniform and non-uniform inflow

response of the bridge in the torsional, the lateral, and the
vertical directions at the mid-span. The critical wind speed
of the aerostatic instability is also given.

Under the north wind of N2, the angle of attack is
relatively uniform along the bridge span, and the absolute
value is relatively small. The angles of attack of incoming
flow around the mid-span are mostly in the range from -3°
to 0° where the lift coefficient is positive, while the moment
coefficient is negative. As a result, the lift is upward and the
moment is counterclockwise, so vertical displacement at the
midspan point is positive value, while the torsion angle is
negative. With the increase of wind speed, the aerostatic
forces increase gradually, leading to the increase of
displacement in three directions. With the increase in ¢, the
critical wind speed of aerostatic instability of the bridge
decreases, but the change is limited due to the small

absolute value of attack of angle under Case N2. Under the
south wind of S2, the effect of the reduction factor on the
aerostatic response of the bridge becomes obvious. When ¢
= 0.1, the angle of attack is small and its distribution is
approximately uniform along the bridge span direction. The
variations of the torsional, the lateral, and the vertical
displacements at the mid-span are similar with the results
under Case N2, but the critical wind speed of the bridge
increases. When ¢ increases to 0.3 or 0.5, the non-uniform
characteristics of the angle of attack become obvious. It can
be seen that the vertical displacement show a different
variation versus the computed wind speed. Meanwhile, the
critical wind speed of the bridge increases slightly. When ¢
further increases to 0.7 or 1.0, the rapid change in the
displacement makes the aerostatic instability of the bridge
occur at lower wind speeds. Although the critical wind
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Fig. 13 Aerostatic responses at the midspan point for different dam heights

speed of the bridge decreases, the torsional displacement at
the mid-span further increases. The superposition of the
initial angle of attack caused by the incoming flow and the
torsional displacement of the bridge leads to larger relative
angles between the bridge girder and the incoming flow. At
the aerostatic critical state of the bridge, the relative angles
around the mid-span exceed 20° (with ¢=0.7) and 30° (with
»=1.0), respectively, at which the flow physics is different
than the experimental range, so the reliability of the results
decreases.

In general, the effects of ¢ on the aerostatic response
under the south wind is greater than that under the north
wind, which may be due to the angle of attack with larger

absolute value at the bridge site under the south wind.
When ¢ is taken as 0.5, although there is a deviation from
the actual value of critical wind speed, it can reflect the
state of aerostatic instability of the bridge under non-
uniform incoming flow.

Subsequently, taking low dam as an example, the effects of
the non-uniform angle of attack and the non-uniform wind
speed on the aerostatic stability of the bridge are studied,
where the reduction coefficient is taken as 0.5. For
comparison, the aerostatic responses under the four cases,
uniform wind speed and uniform angle of attack (Uws and
Uaa), non-uniform wind speed and uniform angle of attack
(Nws and Uaa), uniform wind speed and non-uniform angle
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of attack (Uws and Naa), and non-uniform wind speed and
non-uniform angle of attack (Nws and Naa), are illustrated
here.

Fig. 12 shows the variations of the torsional, the lateral,
and the vertical displacements at the midspan point with the
increase in wind speed. Under the uniform incoming flow,
the critical wind speed of aerostatic instability under Case
N2 and Case S2 is 155 m/s and 197 m/s, respectively,
indicating that the critical wind speed is significantly
affected by the angle of attack. A single non-uniform factor,
angle of attack or wind speed, is unfavorable to the
aerostatic stability of the bridge. Compared with the
uniform inflow, when the non-uniform wind speed is
considered separately, the critical wind speed of Case N2
and Case S2 decreases by 3.2% and 12.2% respectively.
The effect of non-uniform wind speed in Case S2 is greater
than that in Case N2, which is because the wind speed at the
midspan under Case S2 is far higher than the mean wind
speed along the bridge span. When the non-uniform angle
of attack is considered separately, the critical wind speed of
Case N2 and Case S2 decreases by 15.5% and 17.8%
respectively. Thus, it can be seen that the effect of non-
uniform angle of attack is more significant than that of non-
uniform wind speed. Moreover, when the combined action
of non-uniform angle of attack and non-uniform wind speed
is considered, the critical wind speed of aerostatic
instability is further reduced, especially under the south
wind of S2. This may be since both the angle of attack and
wind speed in the midspan are greater than their mean
values under south winds, resulting in a significant increase
in the inhomogeneity of wind parameters, which promotes
the aerostatic instability.

Finally, the effects of the dam height on the aerostatic
stability of the bridge are investigated. Fig. 13 shows the
critical wind speed of aerostatic instability and the variation
curves of aerostatic responses at midspan point for different
dam heights, and the reduction coefficient of angle of attack
is still 0.5.

Under the north wind of N2, the paths of aerostatic
responses are similar when the dam is not built or the height
of the dam is low. With the increase of wind speed, the
torsion angle, lateral displacement and vertical
displacement increase gradually. Under the case of high
dam, however, the critical wind speed of aerostatic
instability increases significantly to 161 m/s. At a given
wind speed, the absolute values of displacements in all three
directions decrease, which may be due to an increase in the
absolute value of the mean angle of attack along the span
direction. Under the north wind of S2, although the critical
wind speed of aerostatic instability varies slightly under
different dam heights, the variation of vertical displacement
with the wind speed is different. Under the case of high dam,
the absolute value of angle of attack at the midspan is
obviously smaller than those of the other two cases. As
mentioned earlier, the lift coefficient is positive at low wind
speed and negative at high wind speed. As a result, the
vertical displacement changes from positive to negative
with the increase of wind speed. However, when the dam is
not built or the height of the dam is low, the absolute value
of initial angle of attack is large enough that the vertical

displacement is always negative and its absolute value
increases with the increase of wind speed.

4. Conclusions

In this paper, the effects of a dam on wind
characteristics at a bridge site, and the aerostatic stability of
a bridge with non-uniform inflow are investigated. Some
conclusions can be made.

* In mountainous areas, the angle of attack and the wind
speed show strong non-uniformity along the bridge span
direction, and there are obvious differences in different
wind direction. For the target bridge, when winds come
from the north where the river is relatively straight, the
angle of attack is small and its variation along the span
direction is relatively limited. With the increase in dam
height, the absolute value of the mean angle of attack
and the mean gradient wind speed increase. When winds
come from the south where the river is winding, the
inflow passes through the mountain located at the south
of the bridge and then flow downward to the bridge, so
the angle of attack varies along the span direction
significantly, and the variation is greatly affected by the
dam height. The wind speed at the midspan is
significantly higher than that at the bridge towers,
especially when the direction of inflow is perpendicular
to the bridge axis, which is due to the shelter of ridges
on both sides.
* A single non-uniform factor, angle of attack or wind
speed, is unfavorable to the aerostatic stability of the
bridge. Among them, the effect of non-uniform angle of
attack is more significant than that of non-uniform wind
speed. Moreover, when the combined action of non-
uniform angle of attack and non-uniform wind speed is
considered, the critical wind speed of aerostatic
instability is further reduced, especially under the south
wind of S2. This may be since both the angle of attack
and wind speed in the midspan are far greater than their
mean values under Case N2 when winds are
perpendicular to the bridge axis, resulting in a
significant increase in the aerostatic forces acting at the
midspan of girder, which promotes the aerostatic
instability of the bridge.
* When the dam is not built or the height of the dam is
low, the aerostatic responses and critical wind speeds of
aerostatic instability are similar. Under the case of high
dam, however, the critical wind speed of aerostatic
instability increases significantly under the north wind
of Case N2, and the vertical displacement changes from
positive to negative with the increase of wind speed
under the south wind of Case S2.

* The paper focuses on the aerostatic performance of the

target bridge. It should be noted that the flutter

instability of the bridge may occur at lower wind speeds
when compared with the aerostatic instability. For long-
span bridges in mountainous areas, the effect of non-
uniform incoming flow on the flutter performance
should be considered. Meanwhile, the effect of
aerostatic response should also be considered, because
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there is a change in the relative angle between the bridge
and the incoming flow.
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